Abstract-It has been shown that diversity gains and MIMO capacity of multi-port antennas can be conveniently determined from reverberation chamber measurements. In this paper, we first present the covariance eigenvalue approach and the embedded far field function method to determine diversity gain and MIMO capacity, respectively, for arbitrary multi-port antennas. Then, we discuss the convergence of the covariance eigenvalue approach. In the end, we apply both methods to compare MRC diversity gains and MIMO capacity measured in a reverberation chamber (based on direct channel measurements) and an anechoic chamber (based on measurements of the embedded far field functions and efficiencies at all antenna ports). The comparison is performed over 2-8 GHz using a wideband multi-port antenna in two configurations. There are in general good agreements between the reverberation and anechoic chamber measurement results.
I. INTRODUCTION
M ULTI-ANTENNA systems have drawn considerable attention over the past decade due to the improved diversity gain [1] - [5] and multiplexing gain [6] - [9] . From the antenna point of view, both diversity gain [3] and MIMO capacity [6] are appropriate parameters for multi-port antenna characterizations in multipath environments. Due to the measurement repeatability and convenience of the reverberation chamber, it has become a popular multipath emulator [10] - [12] for measurements of multi-port antennas [13] - [18] and active MIMO terminal [19] - [21] . The reverberation chamber emulates a rich isotropic multipath (RIMP) environment, being a contrast to the well known pure Line-Of-Sight (LOS) in an anechoic environment [20] .
It is shown in [14] that estimating diversity gain at 1% CDF level requires a huge amount of channel samples for convergence, which is difficult and (if possible) time-consuming to achieve for a reverberation chamber measurement. Using the theoretical CDF formula derived in [2] , a fast convergent diver- sity gain can be achieved [4] , [14] . In the present paper, we use the same method to calculate the (maximum ratio combining) MRC diversity gain of multi-port antennas over a wide bandwidth. However, the approach requires distinct eigenvalues of the covariance matrix, since two identical eigenvalues result in singularity [2] . It is believed that two close eigenvalues will result in large numerical error due to the singularity. However, we show that such diversity gain estimate actually converges to the true value when any two eigenvalues approach each other. This means that this method works for arbitrary antennas when it is based on stochastic channel data from measurements in reverberation chamber. We also use this method to compare MRC diversity gain of a multi-port antenna from both reverberation and anechoic chamber measurements. It was shown in [13] that the MIMO capacity can be readily determined from measured channels in a reverberation chamber, which intrinsically include the overall antenna effect. An alternative way of computing the MIMO capacity is to use numerically generated random channel matrices and then include the antenna effects (based on anechoic chamber measurements) in the channel matrices. Nevertheless, the far field functions are quite laborious to measure in an anechoic chamber. Preliminary results of MIMO capacity comparison of anechoic and reverberation chamber measurements were presented in [15] . However, the embedded far field function method in [15] works only for power-balanced two-port antennas. A generalized method that works for arbitrary multi-port antenna has been presented initially in [16] . However, the work of [16] is based solely on reverberation chamber measurements. As a result, the generalized method to date has not been applied to measured data. In this paper, we apply this method to anechoic chamber measurements using both power-balanced and power-unbalanced antennas, and compare the results with that measured in a reverberation chamber. Moreover, instead of comparing only ergodic capacities as in [15] , we also calculate and compare the CDF of the instantaneous capacity, which allow us to examine the measured capacity in greater details. Finally, we investigate the contributions of antenna efficiencies and correlations to the diversity gain and the capacity, respectively, by combining measured antenna characteristics with simulated random channel matrices. This allows us to separately examine the effects of the antenna efficiency and correlation on the MIMO performance.
The paper is of particular interest because both reverberation chamber and anechoic chamber are being considered for standardization of over-the-air (OTA) measurements [10] - [12] for characterization of active wireless MIMO terminals.
II. FORMULATION OF MRC DIVERSITY GAIN
In this section, we first present an approach for calculations of MRC diversity gains. Then we investigate the convergence of this approach.
A. Covariance Eigenvalue Approach
Assuming an -port diversity antenna in a Rayleigh-fading environment (e.g. a reverberation chamber), its covariance matrix is (1) where is the complex baseband column-vector fading channel including overall antenna effects, the superscript is Hermitian operator, and is mathematical expectation. Throughout this paper, is approximated by sample mean in all simulations and measurements. The joint probability density function (PDF) of is,
The MRC output power is defined as
Assuming independent, identically distributed (i.i.d.) Gaussian noises with unity variance, then equals in value to the instantaneous signal-to-noise ratio (SNR), denoted as . The characteristic function [22] of is (4) Equation (4) can be expressed as [23] (5) where denotes the th eigenvalues of . The PDF of is the inverse Fourier transform of [2] ,
The CDF of can be readily derived as [2] ,
We refer to (7) as Lee's (CDF) formula. The effective diversity gain (EDG) is defined as the output of a diversity antenna improvement compared with that of a single ideal antenna at certain outage probability level, e.g. 1% [1] . The MRC EDG is,
where denotes functional inversion, and is the CDF of output SNR of a single ideal antenna. For Rayleigh fading,
The CDF of the MRC output SNR in Rayleigh fading is known for two cases:
• When all eigenvalues are different from each other it is given by (7); • When all eigenvalues are equal, i.e. , it is given by [1] (10)
The CDF expressions with arbitrary equal eigenvalues are unknown in general and have to be approximated by empirical CDFs from measured channel samples. Since the EDG is determined from CDF consisting eigenvalues of the covariance matrix, we refer to this method of EDG calculation as covariance eigenvalue approach. Compared with traditional way of diversity measurement [14] , the covariance-eigenvalue approach offers better accuracy with the same finite number of samples. Nevertheless, it is limited to MRC diversity in contrast to the generality of reading empirical CDF curves.
B. EDG Convergence in Distribution
We see from (7) that Lee's formula has an apparent singularity when any two eigenvalues of the covariance matrix are equal. Therefore, it is usually believed that Lee's formula will result in large numerical error when two eigenvalues are close to each other. In this paper, however, we show that Lee's formula converges to the true CDF when the eigenvalues approaches each other when the covariance matrix is estimated by the sample mean, (11) where is the th realization of random channel vector , and is the number of realizations (or samples). We therefore refer to (11) as sample covariance matrix and its eigenvalues, , as sample eigenvalues. To prove the convergence in distribution of EDG obtained using the covariance eigenvalue approach is equivalent to show that Lee's formula converges to the true CDF when the eigenvalues approach to each other.
First we consider the case when , and ( , 2). In this case, Lee's formula reduces to (12) The true CDF, i.e. the distribution of the MRC output of a twoport antenna with unity total embedded radiation efficiencies and no correlation, is (13) Namely, we need to show that as .
Proof: Without loss of generality, let and for any ( is equivalent to ), and substitute these into (12), (14) Denote , using Taylor expansion to the first order, (15) where as . Substitute (15) into (14),
It is, however, difficult to prove that Lee's formula converges to the true CDF with arbitrary antenna ports (and therefore arbitrary number of equal eigenvalues) from CDF formula directly. We have to resort to the characteristic function for a more general proof.
It is self-evident from (5) that converges as . Since is the Fourier transform of the PDF of , to show that the limit of Lee's formula converges to the true CDF is equivalent to show that the convergence of . Proof: Let be the CDF of when eigenvalues of the covariance matrix are equal. Namely, denotes Lee's formula, , and represents the CDF of the MRC output with i.i.d. antenna branches. Due to bijection between the CDF and the characteristic function, there exists one for each uniquely. The Levy's continuity theorem [22] states that if converges to (that is continuous at 0), then converges to . This is an immediate but general proof, yet it is rather abstract, for this reason, we would like to keep the proof for case for the sake of better convergence illustration.
The convergence of Lee's formula to the true CDF means that the estimated MRC diversity gain using Lee's formula converges in distribution to its true value [22] . To further illustrate the convergence of the covariance-eigenvalue approach, we resort to simulations.
We first consider an ideal two-port diversity antenna with unity total embedded radiation efficiencies for both branches, and no correlation. The covariance matrix with perfect estimation is an identity matrix with equal eigenvalues of unity. In this case, there would have been singularity if we apply Lee's formula directly to . Nevertheless, in practice, the covariance matrices and eigenvalues in multipath fading environments are unknown, and have to be estimated from measurement samples. Thus deviate from with large probability. The question is if there will be large numerical error using Lee's formula with finite number of realizations? To answer that, we generate i.i.d. complex Gaussian channel, represented by , with a Euclidean norm satisfying , where in this case. The channel seen by the diversity antenna can then be expressed as (17) where is the Hermitian square root of , which is identity matrix in this case. The sample covariance matrix is estimated using (11) , which deviates from (due to finite sample number ) with large probability. Fig. 1 shows the EDGs (as a function of number of channel realizations) obtained using Lee's formula with sample eigenvalues against that obtained using the empirical CDF from channel realizations. The EDG converges to the true value, i.e., 11.7 dB, much faster than that based on using the empirical CDF. It is surprising to see that there is no noticeable error when the number of samples increases, knowing that the eigenvalues are estimated more accurately and therefore become very close to each other.
We then consider a three-port antenna with a covariance matrix (18) so that two of the eigenvalues are equal ( , ). Repeat the same simulation procedure, the EDGs are calculated and shown in Fig. 2 . It shows that the EDG obtained using Lee's formula with sample eigenvalues against that obtained using the empirical CDF. Similar simulation results are observed, i.e. EDG obtained using Lee's formula with sample eigenvalues not only converge to the true value but also converge much faster than that obtained from empirical CDF.
From both Fig. 1 and Fig. 2 , it seems that the limit of Lee's formula converges to the true CDF when the eigenvalues converge to each other. In other words, the EDG obtained using covariance-eigenvalue approach converges in distribution to the true value. Lee's formula converges faster because the sample eigenvalues converge faster than the empirical CDF at 1% level. Note that, to be really sure to avoid singularities, one can add tiny marginal guards (say, "eps" in Matlab) between sample eigenvalues before substituting them into Lee's formula. However, since deviate from with large probability and that Lee's formula has a finite limit when the eigenvalues approach to each other, the singularity problem rarely happens in reverberation chamber measurements. Note that the simulations do not serve as a proof of the convergence but a confirmation of the rigid proof shown earlier in this subsection and an illustration of the convergence rate of the diversity gain estimates. Note also that the shown convergence of Lee's formula does not mean that the covariance eigenvalue approach is numerically robust no matter what, since the probability that deviate from depends on the precision of the computer. This probability is arbitrarily close to 1 for modern computer with many precision bits and deviate from 1 for a digital signal processor (DSP) with finite bits. As a result, a large numerical error might be experienced when a real DSP is concerned. But for measurements with finite number of samples and a modern computer as the data processor, it is safe to use the covariance eigenvalue approach.
By now we have presented a fast-convergent approach (that works for arbitrary antennas) for determining MRC diversity gains from channel measurements. In the next section, we will present a general method for MIMO capacity calculation of arbitrary multi-port antennas based on their embedded far field functions and efficiencies.
III. FORMULATION FOR MIMO CAPACITY
We assume that the receiver has perfect channel state information, and that the transmitted power is equally allocated among the transmit branches. The ergodic capacity of the multiantenna system is [6] ( 19) where is the MIMO channel matrix, and are number of transmit and receive antennas, respectively. The subscripts in (19) will be dropped hereafter for notational convenience.
In order to focus on characterization of multi-port antennas, we assume the multi-port antenna under test is at the receive side and that the transmit antennas are ideal (i.e. with unity efficiency and no correlation). The ergodic capacity including overall antenna effects can be expressed as (20) where denotes the spatially white MIMO channel with i.i.d. complex Gaussian entries.
is normalized so that its Frobenius norm satisfies . The physical meaning of this normalization is that every sub-channel (i.e. entry of the channel matrix) should have unity average channel gain.
The covariance matrix can be constructed by embedded radiation efficiencies at each antenna port and complex correlations between all the antenna ports. The embedded radiation efficiency can be measured in an anechoic chamber, while the complex correlation between th and th ports has to be determined from measured embedded far field functions at the corresponding ports [3] , [7] , (see (21) at the bottom of the page) where is the solid angle of arrival, is the embedded far field function (a column vector with elements representing for different polarizations) at the th antenna port, and is dyadic power angular spectrum of the incident waves. Note that in polarization-balanced isotropic scattering environments, e.g. reverberation chambers, . Denote the efficiency vector consisting of all the total embedded radiation efficiencies and the correlation matrix as
The covariance matrix based on anechoic chamber measurements can be expressed as (23) where , denotes entry-wise product, the superscript is the transpose operator, and is the entry-wise square root. The matrix can be expressed as (see (24) at the bottom of the page).
Since the embedded radiation efficiencies obtained from anechoic chamber measurements are based on measured embedded far field functions as well, we call this method embedded far field function method. For power-balanced multi-port antenna with a scalar embedded radiation efficiency of becomes , and (20) reduces to [15] ( 25) which is a special case of (20) . Up to this point, we have extended the embedded far field function method in [15] to arbitrary multi-port antennas. Based on the generalized method, MIMO capacity of any multi-port antenna can be calculated based on measurements in an anechoic chamber.
IV. MEASUREMENTS AND RESULTS

A. Measurement in Reverberation Chamber
The reverberation chamber is basically a metal cavity with many excited modes which are stirred to create an isotropic Rayleigh-fading environment [24] . The Bluetest HP reverberation chamber is used in this work. It has a size of and is provided with two plate stirrers, a turn-table platform (on which the antenna under test is mounted), and three wideband half bow-tie antennas (mounted on three orthogonal walls with different polarizations inside the chamber). We hereafter refer to these three antennas as wall antennas. Fig. 3 shows a drawing of the chamber.
In the measurements, the platform was moved to 20 positions spaced by 18 and at each platform position each of the two plates move simultaneously to 10 positions. At each stirrer position and for each of the three wall antennas a full frequency sweep was performed by a vector network analyzer (VNA). For diversity gain evaluations, we treat samples from the three wall antennas as the same random process; for MIMO capacity evaluations, we regard the wall antennas as independent transmit antennas. Therefore, for diversity evaluations there are 600 channel samples per frequency point, while for MIMO capacity evaluations there are 200 channel samples per frequency point. In order to improve measurement accuracy, the frequency stirring [25] is used. The frequency stirring technique, in principle, is to treat channel samples at different frequencies (within the frequency stirring bandwidth) as if they were from the same random process. Therefore, the frequency stirring bandwidth has to be carefully chosen so that more independent samples can be included without changing the channel statistics. Since the coherence bandwidth of the channel in the chamber for this setup is around 1-2 MHz [26] , the frequency step is set to 1 MHz, and a 20-MHz frequency stirring is used. Therefore, eventually there are 12000 channel samples for diversity gain evaluations and 4000 channel samples for MIMO capacity evaluations.
The average power transfer function is measured using a reference antenna with known radiation efficiency. The reference level, , is obtained by dividing the average power level with the total radiation efficiency of the reference antenna. The measured diversity channel vector (MIMO channel matrix) is a function of frequency and stirrer positions. The normalized measured channels are (26) Note that the reverberation chamber attenuation and the total radiation efficiency of the wall antennas are calibrated out by (26) . Since the three wall antennas in the reverberation chamber are located far away from each other on three orthogonal walls, the correlations between them are negligible.
The covariance matrix at the receive side can be estimated using (11) . Once the covariance matrix is calculated, the MRC
diversity gain can be readily obtained using the covariance eigenvalue approach. The ergodic MIMO capacity can be easily calculated using (19) with the (normalized) measured MIMO channel samples.
B. Measurement in Anechoic Chamber
Diversity and capacity measurements in an anechoic chamber are not as straightforward as those in the reverberation chamber in the sense that there is no random channel to measure in the anechoic chamber. For both diversity and capacity evaluations, we need to measure the embedded far field functions and embedded radiation efficiencies at every antenna port. In this paper, the embedded far field functions and efficiencies of the multiport antenna under test were measured (with angular step of 1 ) in the anechoic chamber at Technical University of Denmark (DTU), Lyngby, Denmark. During the measurement, the antenna under test is rotated by an azimuth positioner and the full-sphere near-field signal is measured on a regular grid by a dual-polarized probe located about 6 m away. The measured signal is then transformed to the far field using the spherical wave expansion and properly correcting for the probe characteristics.
For MRC diversity calculations, we need only to construct the covariance matrix (23), and then apply the covariance-eigenvalue approach directly. In that case, it is necessary to put tiny marginal guards (say, "eps" in Matlab) between the eigenvalues to avoid the singularity in Lee's formula, because the anechoic chamber measurement is deterministic and therefore there is non-negligible probability that some eigenvalues are equal. For capacity evaluations, we can apply the embedded far field function method straightforwardly.
C. Eleven Antenna
The so-called Eleven antenna (see Fig. 4 ) is chosen as the antenna under test. It is a log-periodic multi-port antenna working from 2 to 13 GHz [27] . In this paper, the four ports for one polarization of Eleven antenna, shown in Fig. 5 , are combined with wideband 180 hybrids to form two-port and three-port antennas as shown in Fig. 5 and Fig. 6 , respectively. The ports of the two-port Eleven antenna are marked as ports P1 and P2 in Fig. 5 . The ports of the three-port Eleven antenna are marked as ports P1, P2, and P3 in Fig. 6 . In this paper, the two Eleven antenna configurations are measured from 2 to 8 GHz in both reverberation and anechoic chambers. The associate 180 hybrids have losses between 1.4 dB at 2 GHZ and 3 dB at 8 GHz, which contribute the most ohmic losses.
Due to the symmetric property of Eleven antenna, we only measured the embedded far field function and total embedded radiation efficiency at port P1 for two-port Eleven antenna (see Fig. 5 ) and port P1 for three-port Eleven antenna (see Fig. 6 ), from 2 to 8 GHz with frequency step of 100 MHz. This simplification is necessary considering the time-consuming radiation pattern measurements in the anechoic chamber. As a result, for the two-port Eleven antenna, the embedded far field function at port P2 is obtained by rotating that of P1 by 180 . For the thee-port Eleven antenna, the embedded far field function at P2 is obtained from that of P1 by imaging; and the embedded far field function at P3 is the same as that at P2 for the two-port Eleven antenna. Furthermore, the embedded radiation efficiency at P1 is the same as that at P2 for the two-port Eleven antenna; and that the total embedded radiation efficiency at P1 equals to that at P2 for the three-port Eleven antenna (with the total embedded radiation efficiency of P3 equal to that at P2 of the two-port Eleven antenna).
Note that the channel measurements in the reverberation chamber are much faster than the anechoic chamber measurements. We measured the channel samples at each port of both Eleven antennas with 1-MHz frequency step. The vector network analyzer (VNA) that is used for the reverberation chamber measurement can gather a maximum of 1601 samples per frequency sweep. Therefore, we divided the whole measurement frequency range into four sub-bands, each with a sub-bandwidth of 1.5 GHz, i.e. 2-3.5 GHz, 3.5-5 GHz, 5-6.5 GHz, and 6.5-8 GHz, and repeated the same measurement procedure over these four sub-bands.
D. Results and Discussions
Although correlations and embedded radiation efficiencies are only needed for diversity and capacity evaluations of anechoic chamber measurements (evaluations of reverberation chamber measurements are based on measured channel samples directly), it is still worthwhile to compare the measured embedded radiation efficiencies and correlations in both chambers, because they are also informative parameters for multi-port antenna characterizations. The embedded radiation efficiencies are readily obtained from anechoic chamber measurements; the measured correlation coefficients in the anechoic chamber can be calculated using (21) . The measured embedded radiation efficiencies in the reverberation chamber can be obtained by simply comparing the power levels of the sub-channels at corresponding antenna ports with the reference level (cf. Section IV-A). The measured correlation coefficients in the reverberation chamber can be obtained by (27) with calculated by (11) .
Due to the symmetry property of the Eleven antenna, we only compare the embedded radiation efficiencies at P1 of the two-port Eleven antenna, and at P1 of the three-port Eleven antenna. Fig. 7 shows the measured embedded radiation efficiencies of the Eleven antennas at both chambers. There are good agreements over most of the frequency range. Note that the used 180 hybrids are the dominate contributor to the total embedded radiation efficiency at P1 of the two-port Eleven antenna and that the mutual coupling is the main contributor to the embedded radiation efficiency at P1 of the three-port Eleven antenna. Fig. 8 shows the measured correlation magnitudes from anechoic and reverberation chambers. There is excellent agreement for the correlation of the two-port Eleven antenna. Although the agreements of correlations between different ports of the three-port Eleven antenna is not as good as that, their agreement is acceptable, since it is difficult to measure small correlation accurately.
The MRC diversity gains of the two-port and three-port Eleven antennas based on reverberation and anechoic chamber measurements are shown in Fig. 9 , as a function of frequency. As expected, the diversity gains measured from both chambers agree with each other well over most of the frequency range. Similarly, the ergodic capacities of the two-port and three-port Eleven antennas are calculated at 10-dB SNR and shown in Fig. 10 , as a function of frequency. Again good agreements are observed. Note that for better illustration, the corresponding diversity gain and ergodic capacity values of ideal antennas (with i.i.d. channels) are not plotted in the same figures. Since the ideal case values are independent of frequency, we give a single value for each case in the captions of Fig. 9 and Fig. 10 respectively.
The ergodic capacity is the average of the instantaneous capacity. Since the instantaneous capacity depends on the channel state, it is itself a random variable. Therefore, a closer capacity evaluation would be comparison of the empirical CDF of the capacity estimates. Fig. 11 and Fig. 12 show the empirical CDFs of the capacities of the two-port and three-port Eleven antennas, respectively, at a few frequencies with 10-dB SNR. As expected, there are reasonable agreements between the empirical CDFs. For comparison, we also plotted the empirical CDF of the corresponding ideal antennas (with i.i.d. channels). As mentioned earlier, the capacity (and EDG) degradation is mainly due to the ohmic loss introduced by the 180 hybrids rather than the antenna itself. For a closer look at the antenna effects on diversity gains and ergodic capacities, we calculated for the twoport Eleven antenna the degradation contributions of antenna efficiencies and correlations respectively, as shown in Table I  and Table II , where the efficiency and correlation are obtained based on the anechoic chamber measurement and that the EDG and capacity values are calculated using the covariance eigenvalue approach and embedded far field function method (with 4000 numerically generated random channel samples), respectively. The effects of antenna efficiency and correlation on diversity gain and capacity for the three-port Eleven antenna are quite similar, i.e., the efficiency is the major contribution to both degradations of diversity gain and ergodic capacity, given the fact the correlation magnitude is below 0.5. Note that the antenna efficiency is mainly due to the ohmic losses in the 180 hybrids.
From both diversity and capacity comparisons between reverberation and anechoic chamber measurements, it is safe to conclude that both chambers can give approximately the same results with reasonable accuracies. It would be impractically time consuming and expensive to determine the diversity and capacity measurement uncertainties by repeating the measurements many times. Using Monte Carlo simulations, together with known antenna radiation efficiency uncertainties in both chambers, it is shown that the measurement efficiency uncertainty is the major uncertainty contributor [28] . The uncertainty of efficiencies measured in the Bluetest reverberation chamber is normally smaller than a standard deviation (STD) of 0.5 dB [29] , whereas the anechoic chamber at DTU has a STD of 0.2 dB for Eleven antenna measurements [30] . Thus the anechoic chamber measurement is more accurate.
For the reverberation chamber measurement, we actually used a four-port VNA to sample channels in reverberation chamber. Therefore we can measure up to three antenna ports in one run. As a result, the measurement times for the two-port and three-port Eleven antenna are almost the same, i.e. about 1.5 hours. The times used to measure embedded far field functions is around 10 hours in the anechoic chamber for each port. In principle, one needs 20 hours for measuring the two-port Eleven antenna, and 30 hours for measuring the three-port Eleven antenna. Knowing the symmetric property of Eleven antenna, we only measured the embedded far field function at port P1 for the two-port Eleven antenna (see Fig. 5 ), and port P1 for the three-port Eleven antenna (see Fig. 6 ), as explained in Section IV-C. Note that, in principle, the embedded far field function and embedded radiation efficiency at each antenna port must be measured in an anechoic chamber for general multi-port antennas that do not have the symmetric property. This means that the measurement time in the anechoic chamber increases with a factor of antenna port number, in general, for arbitrary multi-port antennas. Given the fact that both chambers offer reasonable accuracies and that the embedded far filed function method is much more time-consuming compared with the straightforward capacity calculation based on measured channel samples, the reverberation chamber seems more suitable for evaluations of multi-port antennas.
V. CONCLUSION
We presented the covariance eigenvalue approach for MRC diversity gain calculations, which is very suitable for reverberation chamber measurements. We showed that this approach is generally valid for practical measurements of arbitrary multiport antennas, despite the mathematical singularity in its CDF formula. We also showed how to apply this approach to anechoic chamber measurements. We presented the embedded far field function method for capacity evaluations based on anechoic chamber measurements for arbitrary multi-port antennas. Based on it, the ergodic MIMO capacity can be calculated based on embedded far field functions and embedded radiation efficiencies measured in an anechoic chamber. We compared reverberation chamber measurements with that of an anechoic chamber using the covariance-eigenvalue approach for diversity gain evaluations and the embedded far field function method for capacity evaluations. Good agreements between measured MRC diversity gains and MIMO capacities in both chambers are observed (despite of small discrepancies), meaning both chambers give acceptable measurement accuracy. Nevertheless, it is shown that MRC diversity gain and MIMO capacity can be readily calculated from direct channel measurements in a reverberation chamber and that the reverberation chamber measurement is much faster than that of an anechoic chamber.
